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Abstract
Background
There is a paucity of robust epidemiological data on snakebite, and data available from hos-
pitals and localized or time-limited surveys have major limitations. No study has investi-
gated the incidence of snakebite across a whole country. We undertook a community-
based national survey and model based geostatistics to determine incidence, envenoming,
mortality and geographical pattern of snakebite in Sri Lanka.
Methodology/Principal Findings
The survey was designed to sample a population distributed equally among the nine prov-
inces of the country. The number of data collection clusters was divided among districts in
proportion to their population. Within districts clusters were randomly selected. Population
based incidence of snakebite and significant envenoming were estimated. Model-based
geostatistics was used to develop snakebite risk maps for Sri Lanka. 1118 of the total of
14022 GN divisions with a population of 165665 (0.8%of the country’s population) were sur-
veyed. The crude overall community incidence of snakebite, envenoming and mortality
were 398 (95% CI: 356–441), 151 (130–173) and 2.3 (0.2–4.4) per 100000 population,
respectively. Risk maps showed wide variation in incidence within the country, and snake-
bite hotspots and cold spots were determined by considering the probability of exceeding
the national incidence.
Conclusions/Significance
This study provides community based incidence rates of snakebite and envenoming for Sri
Lanka. The within-country spatial variation of bites can inform healthcare decision making
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The following third party data can be obtained from
Census and Statistics Department of Sri Lanka: GN/
Cluster level - population; percentage of males;
percentage of agricultural workers; population mean
age; percentage of people who had studied up to or
above G.C.E. Advanced Level Examination;
percentage of the major ethnic group. District level -
mean income. The following data can be downloaded
from NDVI - International Research Institute for
and highlights the limitations associated with estimates of incidence from hospital data or
localized surveys. Our methods are replicable, and these models can be adapted to other
geographic regions after re-estimating spatial covariance parameters for the particular
region.
Author Summary
Snakebite is a neglected tropical disease which mainly affects the rural poor in tropical
countries. There is little reliable data on snakebite, which makes it difficult to estimate the
true disease burden. Hospital statistics underestimate numbers of snakebites because a sig-
nificant proportion of victims in tropical countries seek traditional treatments. On the
other hand, time limited or localized surveys may be inaccurate as they may underestimate
or overestimate numbers depending on when and where they are performed. To get a
truer picture of the situation in Sri Lanka, where snakebites are an important cause of hos-
pital admission, we undertook an island-wide community survey to determine the number
of bites, envenomings and deaths due to snakebite in the previous 12 months. We found
that there were more than 80,000 bites, 30,000 envenomings and 400 deaths due to snake-
bite, much more than claimed by official statistics. There was variation in numbers of bites
and envenomings in different parts of the country and, using the data from our survey, we
were able develop snakebite risk maps to identify snakebite hotspots and cold spots in the
country. These maps would be useful for healthcare decision makers to allocate resources
to manage snakebite in the country. We used free and open source software and replicable
methods, which we believe can be adopted to other regions where snakebite is a public
health problem.
Introduction
Bites of venomous snakes cause significant morbidity and mortality in the rural tropics.
Despite this, snakebite did not, until very recently, receive the attention it deserves as an impor-
tant public health problem. The main reason for this was the paucity of robust epidemiological
data on the disease burden associated with snakebite. The most recent estimates of the global
burden of snakebite highlighted the need for good quality data on snakebite, particularly from
nation-wide population-based studies [1].
The paucity of reliable data is partly related to inherent methodological difficulties, which
include: poorly developed reporting and recording systems in countries with the highest bur-
den, limitations in hospital-based data that often under-estimate the problem [2][3][4][5], and
seasonal and geographical variation in bite incidence [6][7], all of which make extrapolations
unreliable. Sound epidemiological data are, however, important to both give credence to the
magnitude of the problem and raise awareness of snakebite as an important but neglected pub-
lic health issue, and to assist prioritization of resources for prevention and treatment.
Sri Lanka has a mean elevation of 228 meters and consists of mainly low flat to rolling plains
with mountains in the south central interior which reach 2400 meters. The country is divided
into three climatic zones based on rainfall: wet (south western and central parts of the country
including the Western, Central and Sabaragamuwa provinces); dry (northern and south
eastern parts of the country including the Northern, Northcentral, Eastern and parts of the
Southern and Uva provinces); and intermediate (the areas in between the wet and dry zones
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including the Northwestern, and parts of Uva and Southern provinces) [8][9]. The differences
in rainfall have led to much diversity in the flora and fauna, and in land use in these zones,
leading to differences in snakebite patterns [1]. Despite being a country where snakebite results
in over 30000 hospital admissions annually [10], the community incidence of snakebite in Sri
Lanka is unknown. Previous research has shown that hospital data underestimate deaths due
to snakebites by over 50% [4], and multiple hospital admissions at different levels of care can
further distort hospital statistics.
Geostatistical modeling provides a method to estimate continuous spatial variation in inci-
dence from community level surveys through modeling the occurrence of spatially correlated
events in order to predict the probability or likelihood of occurrence of an event anywhere in
the study-region and to identify risk-factors [11][12]. The resulting risk maps can provide use-
ful information for healthcare decision making in resource limited settings; they include the
majority of the most snakebite endemic regions, without the need for comprehensive registry
data.
The aims of this study were to determine the community incidence, rate of envenoming,
mortality and geographical pattern of snakebite in Sri Lanka and to develop a snakebite risk
map for Sri Lanka based on geo-spatial and socio-demographic predictive factors.
Methods
Data sources
Epidemiological data. We performed a country-wide community based cross sectional
survey between August 2012 and June 2013. The survey was designed to sample approximately
1% of the population of the country. Sri Lanka has nine provinces that encompass 25 districts.
The sample was distributed equally among the nine provinces, as our objectives included esti-
mation of incidence for each of the provinces. Based on the estimated population of 18.8
million and 3.9 million households in 18 districts in 2001, we estimated that in 2012 approxi-
mately 20 million people live in 4.5 million households in Sri Lanka (Department of Census
and Statistics, Sri Lanka, 2001). We therefore planned to sample 45000 households, consisting
of 5000 households from each of the country’s nine provinces.
A GramaNiladhari (GN) division (the smallest administrative unit in the country), of which
there are 14022 in the country, was defined as a cluster for data collection. A multi-stage sam-
pling strategy was adopted. The first stage sampling unit (e.g. clusters) was the GN division.
125 clusters were selected from each of the 9 provinces of Sri Lanka. The number of clusters
per district was chosen based on probability proportional to district size. Within each district,
the required number of clusters was selected by simple random sampling from the list main-
tained by the Department of Census and Statistics, Sri Lanka. The second stage sampling unit
consisted of individual households. From each GN, 40 households were sampled, the first
household being selected randomly from the electoral register. Proximity selection was then
used to select subsequent households as the "next nearest" until the desired sample size was
reached. In cases of non-response (no one in the household when the interviewers visited) the
house was visited once again before the data collection in the cluster was completed. If there
was still no respondent, the next nearest house in the cluster was selected.
Data were collected by trained data collectors using an interviewer administered question-
naire. They were assisted by local field volunteers recruited within each cluster. The respondent
of each household was either the head of the household or a responsible adult present in the
house. A two part structured questionnaire was developed for data collection. The question-
naire was translated to Sinhala and Tamil and was pre-tested in a GN division not selected for
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the study within each province. Based on the findings of the pre-testing the questionnaire was
fine-tuned prior to use.
In the first phase of data collection the research assistant screened the households for snake-
bite within the previous 12 months and obtained socio-demographic data from the households.
In the second phase, data collection instruments were administered to the households where
snakebites were reported within the previous 12 months in order to obtain details of the bite,
evidence of significant envenoming, and deaths due to snakebite. Significant envenoming was
defined as the presence of local tissue necrosis at the site of bite, presence of neurotoxicity or
bleeding manifestations.
Data were double entered into databases created in Epidata software version 3.1 [13]. All
discrepancies were corrected by referring to the original data sheets.
Socio-demographic and environmental data. The following GN-division-level data were
obtained from Department of Census and Statistics, Sri Lanka: population density; percentage
of males; percentage of agricultural workers; population mean age; percentage of people who
had studied up to or above G.C.E. Advanced Level Examination; percentage of the major ethnic
group. Mean income is recorded at district level; for the analysis, the district-level value was
attached to each GN division within a given district. A climatic zone [8] was similarly attached
to each GN division as a categorical variable.
Island wide data on Normalized Difference Vegetation Index (NDVI) was obtained from
the International Research Institute for Climate and Society, Earth Institute, Columbia Univer-
sity (http://iridl.ldeo.columbia.edu/). Island wide data on elevation and land cover were
obtained from DIVA-GIS (http://www.diva-gis.org/gdata). Spatial resolution of the down-
loaded NDVI file was 250 meters and elevation and land cover were 30 arc seconds in each
coordinate direction, corresponding to pixels of area 0.8 km2 at the equator. The values of
NDVI, elevation and land cover at the centroid of each GN division was then used as a GN-
division-level explanatory variables.
Statistical methods
Exploratory analysis. Data analysis was performed in Stata version 12 [14] and in the R
programming language version 3.2.2 [15]. Population based incidence rates of snakebite by
province with 95% confidence intervals were constructed taking into account the cluster sam-
pling technique used. National figures were derived taking into account both the stratification
by province and the clustering by GN division. Population based incidence rates were calcu-
lated using the “Survey” package in the R programming language [16].
Individual level variables (e.g. age, sex) were considered only for descriptive analysis and
were not considered for modelling. The explanatory variables for snakebite incidence model-
ling included cluster level population density, sex, occupation, age, education, ethnicity,
income, elevation, NDVI, climatic zones and land use. Only the spatial variables were consid-
ered in modelling of the envenoming bite (i.e. population density, elevation, NDVI, climatic
zones and land use), based on an assumption that envenoming is related to the geographical
distribution of venomous snakes rather than to human snake interaction.
Generalized linear and generalized additive models were used for exploratory analysis of the
number of snakebites and number of envenoming bites among the sampled population in each
cluster, ignoring spatial correlation. Generalized additive models were used to identify the pat-
terns of association of explanatory variables and to construct piece-wise linear functions so as
to address non-linear associations within parametric generalized linear models (S1 Appendix).
Subsequently, the significant variables of the respective piece-wise linear models were then
used as explanatory variables in geostatistical modeling.
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The standardized residuals of the fitted piece-wise linear models were mapped in a Sri Lan-
kan grid to investigate residual patterns, corresponding to spatial variation in incidence that is
not captured by the available explanatory variables. The empirical variogram of cluster-level
incidence was used to suggest a geostatistical model for the spatial correlation of adjusted bite
incidence (S2 Appendix).
Geostatistical modelling and predictive mapping. Model-based geostatistics was used to
model snakebite incidence and incidence of envenoming in relation to geographic location,
accounting for spatial correlation [17], incorporating as explanatory variables the piece-wise
linear functions identified by the exploratory generalized linear modelling. Parameter estimates
were obtained by the Monte Carlo maximum likelihood method and passed to plug-in spatial
prediction for mapping the results (S3 Appendix). Along with the incidence maps with point
estimates, probability contour maps (PCM)s were developed to show the spatial variation in
the probability that local incidence does or does not exceed any given incidence threshold. In
each PCM, red, green and yellow-orange colours indicate high (at least0.7), low (at most 0.3)
and intermediate probabilities of exceeding the given threshold. The PrevMap package version
1.2.2 was used to fit the geostatistical model [18].
Based on the geostatistical model, individual point estimate maps and PCMs were devel-
oped to demonstrate incidence of snakebite in Sri Lanka (national snakebite incidence rate: 398
per 100000), and to identify hotspots (incidence more than 500 per 100000) and cold spots
(incidence less than 300 per 100000) for snakebites. Similar individual maps were developed to
demonstrate incidence of envenoming in Sri Lanka (national snakebite envenoming incidence
rate: 151 per 100000), and to identify hotspots (incidence more than 250 per 100000) and cold
spots (incidence less than 100 per 100000) for envenoming.
Ethics statement
Ethical approval for the study was given by the Ethics Review Committee of the Faculty of
Medicine, University of Kelaniya. Data collection was done by using an interviewer adminis-
tered questionnaire and all interviews were conducted after obtaining informed written con-
sent. No animals were used in the study. Permission for conducting the study was obtained
from District and Divisional level public administrators before data collection. Grama Nilad-
haris of the sampled GN divisions were informed about the study through the public adminis-
tration system.
Results
Exploratory analysis
Data relating to 165665 individuals (0.8% of the population of Sri Lanka) living in 44136
households in 1118 clusters were collected (Fig 1). 695 snakebites, 323 envenomings and 5
deaths (four of them male) were reported in the sample population in the 12 months preceding
the interview. The incidence of snakebites, envenoming and deaths in the complete sample
population was 398 (95% CI 356–441), 151 (95% CI 130–173) and 2.3 (95% CI 0.2–4.4) per
100000 population respectively. Extrapolating this to the population of the whole country,
the estimated national numbers of snakebites, envenoming and deaths were 80514 (95% CI
71774–89254), 30543 (95% CI 26203–34883) and 464 (95% CI 45–884) respectively.
There was wide geographical variation in incidence within the country: the Northcentral
province (rural, agricultural, dry region) had the highest incidence rate of 623 snakebites per
100000 and the Central province (which includes the high altitude areas of the country) the
lowest incidence rate of 277 per 100000 (Table 1). The differences were more marked for
envenoming. The Northcentral province had the highest envenoming rate of 440 per 100000
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and the Central province the lowest rate of 92 per 100000 (Table 1). The proportion of snake-
bite victims who were envenomed varied from 20% in Western province to 70% in Northern
and Northcentral province.
Incidence rates of snakebite and envenoming among males were 478 (95% CI: 415–541)
and 176 (95% CI: 146–207) per 100000 population. Males were approximately 1.5 times more
likely to experience both snakebites and envenoming than females (Table 2). Median age
(interquartile range) of snakebite victims was 42 (31–54) years and for victims with envenom-
ing bites was 42 (30–53). Almost 40% of the snakebites occurred between 4 pm and 8 pm.
Snakebite was rarest in the early morning (4 am to 8 am). More than 55% of the male victims
were involved in labour-intensive outdoor occupations such as farming and manual labour.
The commonest clinical feature recalled by the snakebite victims was swelling. Symptoms
representing neurotoxicity were reported in 28% of all bites. 37% of the significantly enven-
omed reported neurotoxic features without bleeding. Bleeding manifestations alone were
reported by 8%. Neurotoxicity and bleeding together were reported by 24% (Table 3).
Fig 1. Population density map and sampled cluster locations.
doi:10.1371/journal.pntd.0004813.g001
Table 1. Incidence of snakebite and envenoming by province.
Climatic Zone Province Bites Envenomings
Reported
(sample)
Estimated
number
Risk per 100000
(95% CI)
Reported
(sample)
Estimated
number
Risk per 100000
(95% CI)
Wet Western 61 18910 325 (217–432) 12 3720 64(027–101)
Wet Central 45 7065 277(182–371) 15 2355 92 (042–142)
Wet Sabaragamuwa 102 10506 548 (438–658) 35 3605 188 (127–249)
Wet/
Intermediate
Northwestern 92 11776 499(392–605) 34 4352 184(118–251)
Wet/
Intermediate
Southern 87 11310 461 (338–584) 18 2340 95 (047–144)
Dry/
Intermediate
Uva 63 4095 328 (242–414) 39 2535 203 (137–270)
Dry Northern 59 3422 324 (219–428) 42 2436 230 (145–316)
Dry Eastern 67 5695 368 (227–509) 44 3740 242 (119–365)
Dry Northcentral 119 7735 623 (487–760) 84 5460 440 (325–555)
Total 695 80514 398 (356–441) 323 30543 151 (130–173)
doi:10.1371/journal.pntd.0004813.t001
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Exploratory analysis for snakebite incidence using generalized linear models, ignoring spa-
tial dependence, showed population density, elevation, occupation distribution and climatic
zones to be significantly associated with incidence, with non-linear effects of elevation and
occupation distribution. Elevation, population density and climatic zone were significantly
associated with envenoming incidence with a non-linear effect of elevation (S1 Appendix).
Table 2. Reported and estimated snakebites and envenoming bites by sex, age, education, employ-
ment and income.
Snakebite (in sample) Envenoming bites (in sample)
Sex
Male n (%) 418 (0.25) 193 (0.12)
Female n (%) 277 (0.17) 130 (0.08)
Age
Median (IQR) 42 (31–54) 42 (30–53)
Snakebite incidence [95%CI]
(per 100’000 population)
Envenoming incidence [95%CI]
(per 100’000 population)
Sex
Male 478 (414–541) 176 (146–207)
Female 320 (273–367) 126 (100–154)
Education
No-schooling 509 (281–737) 265 (102–429)
Primary (1–5) 520 (427–613) 234 (178–289)
Secondary (6–11) 458 (400–517) 174 (143–205)
Up to Advance level 286 (219–353) 82 (51–114)
Above Advance level 124 (38–212) 54 (08–100)
Employment
Field workers 460 (411–509) 197 (167–226)
Others 290 (224–355) 70 (47–94)
Average monthly income
(Rupees) (1US$ = SLRs.145)
< 5000 461 (341–582) 280 (186–375)
5000–10000 436 (353–519) 224 (169–279)
10000–20000 340 (275–406) 157 (116–197)
20000–35000 436 (350–521) 106 (76–136)
>35000 352 (230–474) 100 (43–158)
doi:10.1371/journal.pntd.0004813.t002
Table 3. Clinical features recalled by the snakebite victims (N = 695).
Feature Number Percent
Swelling at site of bite 606 87.2
Neurological 197 28.3
Abdominal pain 169 24.3
Tissue necrosis at site of bite 110 15.8
Bleeding manifestations 104 15.0
Renal impairment 33 4.8
Clinical features recalled by victims with signiﬁcant envenoming (N = 323)
Feature Number Percent
Neurological 120 37.2
Bleeding manifestations 27 8.4
Neurological and bleeding manifestations 77 23.8
Other (tissue necrosis, renal impairment) 99 30.6
doi:10.1371/journal.pntd.0004813.t003
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Geostatistical model and predictive maps
According to the geostatistical model, the median predicted incidence for Sri Lanka was 397
per 100000 (IQR: 295 to 515 per 100 000) which is similar to the estimated national snakebite
incidence derived from the survey. The fitted geostatistical model for snakebite incidence is
summarised in Table 4. There was a positive association between elevation and incidence up to
160 meters above sea level, with incidence dropping thereafter. Intermediate and wet climatic
zones had higher snakebite incidence compared to the dry zone. Snakebite incidence decreased
with increasing population density. Snakebite incidence rapidly increased as the proportion
of the population engaged in agriculture increased up to 9%, with a more gradual increase
thereafter.
Table 5 shows the results of the geostatistical model for the incidence of envenoming. There
was a positive association with elevation up to 195 meters above sea level, with incidence drop-
ping at higher elevations. The incidence of envenoming was higher in the dry zone compared
to intermediate and wet climatic zones and decreased with increasing population density.
Estimated snakebite incidence and envenoming incidence maps for the whole of Sri Lanka
are shown in Fig 2(A) and 2(B) respectively. The three estimated incidence maps shown in Fig
3 include contours demarcating incidence higher than the national snakebite incidence rate
(Incidence>398 per 100000) and approximately +/- 100 per 100000 from the national inci-
dence rate for snakebites (i.e. incidence 300 per 100000 and 500 per 100000). Corresponding
Table 4. Parameter estimates from geostatistical model for snakebite incidence.
Variable Estimate Std. Error Z value P value
(Intercept) -6.6239 0.13456 -49.2246 <0.001
Elevation 0.0032 0.00079 4.0771 <0.001
Elevation more than 160 meters -0.0046 0.00085 -5.4389 <0.001
Climate zone 2 (Intermediate) 0.2225 0.10564 2.1068 0.035
Climate zone 3 (Wet) 0.5586 0.11763 4.7492 <0.001
Population density -0.0002 0.00002 -10.8101 <0.001
Percentage of agricultural workers 7.2235 1.33660 5.4043 <0.001
Percentage of agricultural workers > 9% -6.4166 1.40170 -4.5778 <0.001
Covariance parameters Matern function (kappa = 0.5)
sigma2 0.189 0.8778
Phi 0.091 2.5249
tau2 0.304 1.5944
doi:10.1371/journal.pntd.0004813.t004
Table 5. Parameter estimates from geostatistical model for envenoming snakebite incidence.
Variable Estimate Std. Error Z value P value
(Intercept) -6.0911 0.05500 -110.7385 <0.001
Elevation 0.0043 0.00049 8.7386 <0.001
Elevation more than 195 meters -0.0046 0.00053 -8.5696 <0.001
Climate zone 2 (Intermediate) -0.4781 0.07657 -6.2437 <0.001
Climate zone 3 (Wet) -0.8093 0.08098 -9.9937 <0.001
Population density -0.0005 0.00002 -29.0282 <0.001
Covariance parameters Matern function (kappa = 0.5)
sigma2 0.055475 4.4079
Phi 0.129351 2.4801
tau2 0.247201 5.5109
doi:10.1371/journal.pntd.0004813.t005
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PCMs based on exceedance probabilities of 300 per 100000, 398 per 100000 (i.e. national rate)
and 500 per 100000 are shown in Fig 4. The green areas of Fig 4(A) indicate low probability
areas for snakebites (cold spots); in this region the probability of observing a snakebite inci-
dence more than 300 per 100000 is less than 0.3. The red islands of Fig 4(C) show the high
probability areas for snakebites (hot spots), where the probability of having a snakebite inci-
dence more than 500 per 100000 is greater than 0.7.
The estimated envenoming incidence maps are shown in Fig 5; contours are drawn to
demarcate the national rate (151 per 100000), 50 per 100000 lower than the national rate and
100 per 100000 higher than the national rate. PCMs for exceedance thresholds of 100 per
100000, 151 per 100000 (i.e. national rate) and 250 per 100000 are shown in Fig 6(A), 6(B) and
6(C) respectively. The green areas of Fig 6(A) indicate low probability areas for envenoming
(cold spots), in this region; the probability of observing a snakebite incidence more than 100
per 100000 is less than 0.3. The red islands of Fig 6(C) shows the high probability areas for
Fig 2. Estimated incidence maps (per 100 cases) for Sri Lanka. (A) Snakebite incidence map. (B)
Envenoming incidence map.
doi:10.1371/journal.pntd.0004813.g002
Fig 3. Comparison of snakebite incidencemaps for snakebite incidence.Contour lines demarcate incidence higher than (A) 0.003 (B) 0.00398
(i.e. National rate) (C) 0.005.
doi:10.1371/journal.pntd.0004813.g003
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snakebites (hot spots); the probability of having a snakebite incidence more than 250 per 100
000 is more than 0.7.
Discussion
In a nation-wide community-based survey on snakebite we estimated there to be over 80000
bites, 30000 envenomings and 400 deaths per year in Sri Lanka. Our results are supported by a
comprehensive methodology that included a representative, large, population-based sample
and associated estimation techniques, and represents the most comprehensive survey of snake-
bite that has ever been undertaken in any country.
Previous studies have attempted to estimate the national incidence of snakebite using hospi-
tal-based or local or regional (sub-national) data as highlighted in our estimate of the global
burden of snakebite [1]. Such approaches are fraught with inaccuracies as hospital-based
data are dependent on health seeking behaviour of the victims and generally underestimate
Fig 4. Comparison of probability contour maps (PCMs) for snakebite incidence. pMaps represent probability that snakebite incidence in each
area exceeds: (A) 0.003, (B) 0.00398 (i.e. National rate) an (C) 0.005. Contour lines represent P = 0.3 (dash lines) and P = 0.7 (solid lines); green colour
area represents the exceedance probability < 0.3 and red colour are represents the exceedance probability > 0.7.
doi:10.1371/journal.pntd.0004813.g004
Fig 5. Comparison of envenoming incidence.Contour lines demarcate incidence higher than (A) 0.001, (B) 0.00151(i.e. National rate) and (C)
0.025.
doi:10.1371/journal.pntd.0004813.g005
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incidence, while localized studies are almost always conducted in regions where snakebite is
common, and tend to overestimate incidence [19]. Our previous work has shown that hospital
data underestimate deaths due to snakebite by as much as 60% [4]. Incidence data may also
depend on seasonal variations of bites. Our study demonstrates comprehensively the consider-
able geographical variation in snakebite incidence, the variation in the proportion of victims
that are envenomed in different regions and the flaws in official data. Consequently, an accu-
rate assessment of the burden of snakebite and envenoming can only be achieved by perform-
ing representative community surveys.
Most of our results on the demography of bites are in agreement with the current literature.
The highest rates of bites and envenoming were seen in the rural and agricultural north central
and north eastern regions of the country. In keeping with other parts of the world, the highest
disease burden due to venomous snakebite affects areas with the population groups that are
most under-served in terms of healthcare and infrastructure. This re-emphasizes the need for
equitable distribution of resources to address the problem of snakebite. Other ecological factors
must also be taken into account to better understand these variations. Previous studies on
snakebite show that rural males of working age are at high risk of snakebite due to high expo-
sure levels associated with their lifestyle and occupation–mainly farming. In our study, males
were also predominantly affected, and for both males and females the most susceptible were
the economically active age groups.
We have shown that the incidence of snakebite and envenoming gradually decreases with
increasing population density. This may be due to more densely populated areas being less suit-
able as snake habitats. Snakebite incidence increased with increasing elevation up to 160 meters
and thereafter dropped with increasing elevation, likely reflecting the facts that coastal areas
are not generally suitable for snake habitats and that temperature declines with increasing
altitude.
Agricultural work has commonly been identified as a risk factor for snakebite. We assessed
this by using the percentage of all workers undertaking agricultural work in each of the clusters.
Snakebite incidence is dramatically lower in non-agricultural communities (less than 9%
involved in agriculture) and snakebite incidence increased as the proportion of agricultural
workers in a community increased.
Fig 6. Comparison of probability contour maps for envenoming bites.Maps represents probability that envenoming bite incidence in each area
exceeds: (A) 0.001, (B) 0.00151 (i.e. National rate) and (C) 0.025; contour lines represent P = 0.3 (dash lines) and P = 0.7 (solid lines); green colour
area represents the exceedance probability < 0.3 and red colour are represents the exceedance probability > 0.7.
doi:10.1371/journal.pntd.0004813.g006
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The incidence of snakebite is higher in both the intermediate and wet zones than in the dry
climatic zone. However, the overall incidence of envenoming is higher in the dry zone. This is
likely to reflect variation in species and again shows the importance of capturing data on the
incidence of both snakebite and envenoming. Russell’s viper is the most widely distributed
snake in Sri Lanka, and can be found up to an elevation of 1800 m. Saw-scaled vipers are largely
confined to the arid dry zones of the country including Northern and Eastern Provinces
extending up to eastern parts of the Southern Province. Cobras are also widely distributed in
the country and are found up to 1500 m. Common Kraits are mainly found in the dry zone.
Hump-nosed vipers are found all over the country, but mostly in the wet and intermediate
zones [20][21][22][23].
Defining geographical areas by the level of risk of snakebite and envenoming is important
for decision makers; allocation and distribution of antivenom, establishing snakebite manage-
ment centres, and location of emergency treatment units and intensive care units all depend on
assessing snakebite risk in a given location. Decision makers require thresholds to identify high
risk areas for intervention. In this study, we drew cut-off points based on the national snakebite
incidence rate for the country, which is about 400 per 100000. High risk areas or hotspots and
low risk populations (cold spots) were defined by adding or subtracting 100 cases per 100000
to the national rate. Similarly, cut-off points were determined for envenoming bites based on
the national rate of 150 cases per 100000. Hot and cold spots were determined by adding 100
cases per 100000 and subtracting 50 cases per 100000, respectively, from the national rate.
Such estimates can be further refined to improve decision making by quantifying the likeli-
hoods of exceeding or not exceeding any pre-defined threshold of incidence at a given location.
Mapping of estimated incidence may lead to some uncertainty about whether the true inci-
dence exceeds a given cut off threshold, as precision of the estimates varies between locations.
Although the point estimate maps and PCMs are qualitatively similar, quantitative differences
are important in interpreting the maps and decision making. Thus PCMs provide additional
information to identify confidently high risk and low risk areas with respect to any pre-defined
incidence threshold, as indicated on a PCM by probabilities close to one or zero respectively.
PCMs also identify areas of high uncertainty, i.e. map areas with probabilities close to 0.5, indi-
cating a need for additional sampling to draw firm conclusions.
The methodology used in the present study can be applied to estimate snakebite incidence
in other geographical locations. In the methodology, the model captures the complexity of the
snakebite process of a human, snake and environment interaction through a combination of
covariate adjustments and spatially correlated residual variation, representing explained and
unexplained spatial variation, respectively. This flexibility allows the approach to be applied
in, with re-estimation of the model parameters to take account of difference in the available
covariate information and consequent re-balancing between explained and unexplained spatial
variation.
There are inevitably limitations to this study. The quality of the household data depended
upon memory of an event and is therefore subject to recall bias. However, the main outcome
of interest, a snakebite, is highly memorable and we think it unlikely that this affects our esti-
mates although the possibility of the incidence of envenoming being increased due to inappro-
priate classification of envenomed bites is acknowledged. Our sampling strategy was carefully
designed to make it representative of Sri Lanka. However, the use of the electoral register to
identify the first household in any cluster does mean that there is a chance that the small popu-
lation in slums may have been under-sampled. As slums are relatively uncommon in Sri Lanka
except in big cities, this is unlikely to have affected our estimates. Urbanization, which is
highly correlated to several of the district-level variables, could also have been a confounder.
Finally, cluster (i.e. GN) level income statistics were not available at the Census and Statistics
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Department of Sri Lanka. We therefore used district mean income to estimate cluster level
income. This approach means that variability in income within a district may have led to some
inaccuracies in the cluster level income estimates resulting in some residual confounding.
In conclusion we have, for the first time, been able to provide robust community based inci-
dence rates of snakebite and envenoming at a national level. We also developed estimated
incidence maps and probability contour maps of within-country spatial variation, which can
inform local healthcare decision making. The methodology we have used is replicable, as the
required software is open-source. It also addresses the methodological limitations of the many
epidemiological studies on snakebite that base their results on data from hospitals or from
localized or time-limited surveys.
Supporting Information
S1 Appendix. Generalized linear models for snakebite and envenoming bite incidence.
(DOCX)
S2 Appendix. Assessing spatial dependence.
(DOCX)
S3 Appendix. Geostatistical modelling of snakebite and envenoming bite incidence.
(DOCX)
S1 Dataset. Data.
(CSV)
Acknowledgments
The authors wish to acknowledge the assistance given by the Director General of Health Ser-
vices, Provincial Directors of Health Services of the nine provinces, District Secretaries and
Regional Directors of Health Services of the 25 administrative districts of Sri Lanka, all the
Divisional Secretaries and the respective Grama Niladharis of the sampled Grama Niladhari
Divisions for implementation of the study. The technical contributions of Dr. Suwin Hewage,
Ms. Dilki Erangika, Ms. Ishara Henayake, Ms. Nayana Harshakanthi, Mr. Chathura Nuwan,
Mr. Hemantha Narada, Ms. Eshani Dassanayake, Ms. W.M.A. Amarasinghe, Mr. R.M.G.C.S.B.
Jayatissa, Mr. W.P.A. Wickramarathne, Mr. J.H.M.B.T. Jayasundara, Mr. V. Vijayakanth, Mr.
E.A.S. Edirisinghe, Mr. R. Tudugala, Ms. T.A.R. Dilrukshi, Mr. T. Thivagar, Mr. B.M.A.I. Bala-
sooriya, Mr. R.M.U.S. Rathnayake, Mr. A. Aravinthan, Mr. S.W. Buddhika, Ms. H.R.I.N.
Henayake, Mr. K.A.S.K. Karunathilaka, Mr. S. Ushjenthan, Ms. A.M.B.D.E. Bandarage, Mr. S.
M.R. Prasad, Mr. P. Tishanthan, Mr. T.B. Wickramasinghe and Mr. N.W.M. Chathuranga to
the study are also acknowledged.
Author Contributions
Conceived and designed the experiments: AK AP GKI AD DGL HJdS. Performed the experi-
ments: AK AP NKG BAW SFJ HJdS. Analyzed the data: DSE AK AP NKG EG PJD. Wrote the
paper: DSE AK AP GKI AD PJD DGL HJdS.
References
1. Kasturiratne A, Wickremasinghe AR, De Silva N, Gunawardena NK, Pathmeswaran A, Premaratna R,
et al. The global burden of snakebite: A literature analysis and modelling based on regional estimates
of envenoming and deaths. PLoS Medicine. 2008. pp. 1591–1604.
Mapping the Risk of Snakebite
PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004813 July 8, 2016 13 / 14
2. Rahman R, Faiz MA, Selim S, Rahman B, Basher A, Jones A, et al. Annual incidence of snake bite in
rural Bangladesh. PLoS Negl Trop Dis. 2010; 4: e860. doi: 10.1371/journal.pntd.0000860 PMID:
21049056
3. Pugh RN, Theakston RD. Incidence and mortality on snake bite in savanna Nigeria. Lancet. 1980; 2:
1181–1183. doi: 10.1016/S0140-6736(80)92608-2 PMID: 6107780
4. Fox S, Rathuwithana AC, Kasturiratne A, Lalloo DG, de Silva HJ. Underestimation of snakebite mortal-
ity by hospital statistics in the Monaragala District of Sri Lanka. Trans R Soc Trop Med Hyg. 2006; 100:
693–695. doi: 10.1016/j.trstmh.2005.09.003 PMID: 16289649
5. Snow RW, Bronzan R, Roques T, Nyamawi C, Murphy S, Marsh K. The prevalence and morbidity of
snake bite and treatment-seeking behaviour among a rural Kenyan population. Ann Trop Med Parasi-
tol. 1994; 88: 665–71. Available: http://europepmc.org/abstract/med/7893182 PMID: 7893182
6. Rahman R, Faiz MA, Selim S, Rahman B, Basher A, Jones A, et al. Annual incidence of snake bite in
rural bangladesh. PLoS Negl Trop Dis. Public Library of Science; 2010; 4: e860. doi: 10.1371/journal.
pntd.0000860
7. Mohapatra B, Warrell DA, Suraweera W, Bhatia P, Dhingra N, Jotkar RM, et al. Snakebite mortality in
India: a nationally representative mortality survey. PLoS Negl Trop Dis. Public Library of Science; 2011;
5: e1018. doi: 10.1371/journal.pntd.0001018
8. Panabokke CR. Soils and agro-ecological environments of Sri Lanka [Internet]. NARESA; 1996. Avail-
able: https://cgspace.cgiar.org/handle/10568/36643
9. De Silva A. Venomous snakes, their bites and treatment in Sri Lanka. Snakes Med importance (Asia-
Pacific Reg Singapore Venom Toxin Res Group, Natl Univ. 1990; 479–556.
10. Ministry of Health. Annual Health Bulletin 2012 [Internet]. 2012. Available: http://www.health.gov.lk/en/
publication/AHB-2012/Annual%20Health%20Bulletin%20-%202012.pdf
11. Crainiceanu CM, Diggle PJ, Rowlingson B. Bivariate binomial spatial modeling of Loa loa prevalence in
tropical Africa. J Am Stat Assoc. American Statistical Association; 2008; 103: 21–37. Available: http://
pubs.amstat.org/doi/abs/10.1198/016214507000001409
12. Diggle PJ, Thomson MC, Christensen OF, Rowlingson B, Obsomer V, Gardon J, et al. Spatial model-
ling and the prediction of Loa loa risk: decision making under uncertainty. Ann Trop Med Parasitol.
2007; 101: 499–509. PMID: 17716433
13. Lauritsen JM, Bruus M. EpiData entry (version 3.1). Data management and basic statistical analysis
system. The Epi-Data Association, Odense, Denmark. 2006.
14. StataCorp. 2011. Stata Statistical Software: Release 12. College Station TSL. Stata Statistical Software
Release 12. Stata Press Publication; 2011.
15. R Development Core Team R. R: A Language and Environment for Statistical Computing [Internet].
Team RDC, editor. R Foundation for Statistical Computing. R Foundation for Statistical Computing;
2011. p. 409.
16. Lumley T. Survey: analysis of complex survey samples. R package version 3.28–2. 2012.
17. Diggle PJ, Tawn JA, Moyeed RA. Model-based geostatistics. J R Stat Soc Ser C (Applied Stat. 2002;
47: 299–350. doi: 10.1111/1467-9876.00113
18. Giorgi E, Diggle Peter J. PrevMap: Geostatistical Modelling of Spatially Referenced Prevalence Data
[Internet]. R package; 2015. Available: http://cran.r-project.org
19. SHARMA SK, CHAPPUIS F, JHA N, BOVIER PA, LOUTAN L, KOIRALA S. IMPACTOF SNAKE
BITES AND DETERMINANTSOF FATAL OUTCOMES IN SOUTHEASTERN NEPAL. Am J Trop Med
Hyg. 2004; 71: 234–238. Available: http://www.ajtmh.org/content/71/2/234.long PMID: 15306717
20. Ratnapala R, Aloysius D, Ranasinghe L. Deadly venomous land snakes of Sri Lanka. Ceylon Med J.
1983; Available: http://www.safetylit.org/citations/index.php?fuseaction=citations.
viewdetails&citationIds%5B%5D=citjournalarticle_244006_38
21. Silva A. Dangerous snakes, deadly snakes and medically important snakes. J Venom Anim toxins Incl
. . .. 2013; Available: http://jvat.biomedcentral.com/articles/10.1186/1678-9199-19-26
22. Maduwage K, Isbister G, Silva A, Bowatta S. Epidemiology and clinical effects of hump-nosed pit viper
(Genus: Hypnale) envenoming in Sri Lanka. Toxicon. 2013; Available: http://www.sciencedirect.com/
science/article/pii/S0041010112007775
23. Kularatne S. Revisiting saw-scaled viper (Echis carinatus) bites in the Jaffna Peninsula of Sri Lanka:
distribution, epidemiology and clinical manifestations. Trans . . .. 2011; Available: http://trstmh.
oxfordjournals.org/content/105/10/591.short
Mapping the Risk of Snakebite
PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004813 July 8, 2016 14 / 14
